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Abstract:  
We demonstrate self-powered β-Ga2O3 deep-UV metal-semiconductor-metal 
(MSM) photodetectors (PD) with 0.5% external quantum efficiency (EQE) at zero bias. 
150 nm thick (-201)-oriented epitaxial β-Ga2O3-films were grown on c-plane sapphire 
using plasma-assisted MBE. Ni/Au and Ti/Au metal stacks were deposited as contacts to 
achieve asymmetric Schottky barrier heights in interdigitated finger architecture for 
realizing self-powered photodetectors. Current-voltage characteristics (photo and 
dark), time-dependent photocurrent and spectral response were studied and compared 
with conventional symmetric MSM PD with Ni/Au as the Schottky metal contact, 
fabricated on the same sample. The asymmetric, self-powered devices exhibited solar-
blind nature and low dark current < 10 nA at 15 V with high photo-to-dark current 
ratio of ~ 10
3
. The dark and photocurrents were asymmetric with respect to the applied 
bias and the responsivity in the forward bias was characterized by gain. The detectors 
(asymmetric-MSM) were found to exhibit a responsivity of 1.4 mA/W at 255 nm under 
zero-bias condition (corresponding to an EQE ~ 0.5 %), with a UV-to-Visible rejection 
ratio ~ 10
2 
and
 
~10
5
 at 0 V and 5 V respectively.   
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β-Ga2O3 is thermodynamically the most stable phase among five other known phases 
(α, β, γ, δ, and, ε) of Ga2O3 with a wide bandgap of 4.6 eV 
1,2
, which makes it an attractive 
candidate for deep-UV detectors
3–9
 and power transistors
10–15
. β-Ga2O3 also offers economic 
advantage  as conventional crystal growth techniques such edge-defined film-fed growth 
(EFG)
16,17
, float-zone
18–20
 and Czochralski
21,22
 methods can be employed towards enabling 
scalable and large-area single crystal wafers.   Thin film growth of β-Ga2O3 on foreign 
substrates has also been widely reported using different growth techniques including 
Molecular beam epitaxy (MBE)
9,23–25
, Metalorganic chemical vapour deposition(MOCVD)
26–
28
, mist CVD
29
, radio frequency magnetron sputtering
30,31
 and microwave irradiation 
approach
32
 for different applications. β-Ga2O3-based deep-UV photodetectors with 
Schottky
33–35
 and MSM
9,36–40
  architectures  on bulk and foreign substrate have been studied 
in the recent years. However, no report exists on β-Ga2O3 self-powered MSM detectors.   
In this letter, we report on β-Ga2O3 self-powered lateral MSM PDs (asymmetric-
MSM) with external quantum efficiency (EQE) of 0.5 % at zero bias. The current-voltage (I-
V) characteristics, transient response and spectral response of asymmetric MSM (A-MSM) 
has been studied and compared with conventional symmetric Schottky MSM (S-MSM). This 
work reports the first zero-bias spectral responsivity for any type of UV detector based on 
epitaxial and planar β-Ga2O3. 
Growth of β-Ga2O3 thin film on c-plane sapphire was carried out by plasma-assisted 
MBE equipped with a standard effusion cell for gallium and a Veeco Uni-bulb O2 plasma 
plasma source. Following the substrate cleaning, the sapphire substrates were indium bonded 
to a silicon wafer and degassed at 400 °C for 1 hour in the buffer chamber before the actual 
growth run. Ga2O3 was grown for 3 hours at a substrate temperature of 700 C with a Gallium 
flux of 1.5 X 10
-8
 and RF plasma power of 300 W. The β-Ga2O3 film was confirmed to be 
single phase (-201)-orientated with thickness of 150 nm from X-ray diffraction (XRD) and 
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X-ray reflectivity (XRR) measurements. The material characterization details have been 
reported earlier.
9
 
Following standard lithographic process, Ti (20 nm)/Au (100 nm) stack was e-beam 
evaporated on the β-Ga2O3 films to form one side of the Schottky contact in the asymmetric 
MSM structure (Device: A-MSM). Post metal evaporation, a rapid thermal annealing (RTA) 
of Ti/Au metal stack was done at 470°C for 1 minute in nitrogen ambient resulted in 
improvement of the metal contacts in terms of current values. Subsequently, Ni (20 nm)/Au 
(100 nm) metal stack was evaporated for the other Schottky metal contact to obtain 
photodetectors of A-MSM geometry as shown in fig. 1(a). Conventional Schottky symmetric-
MSM (Device: S-MSM) were also fabricated on the same sample with Ni (20 nm)/Au (100 
nm) metal stack for both side of interdigitated architecture as shown in the fig. 1(b). Each 
device consisted of 36 interdigitated fingers with finger widths of 4 µm and spacing of 6 µm, 
resulting in an active area of 260 x 300 µm
2
. The photo current of the devices was measured 
using Sciencetech, Inc. Quantum Efficiency (QE) setup consisting of a 150-W Xenon lamp, 
monochromator and Keithly-2450 source meter. For intensity/power values Xenon lamp was 
calibrated with a standard silicon photodiode attached to the QE set-up. 
Figure 1(c) shows spectral response (SR) versus wavelength () at an applied bias 
voltage of 5 V for the A-MSM device in forward and reverse bias. SR was calculated using 
the expression below:  
                                    AP
II
SR DarkPHOTOCalculated
.


                                                                        
(1)     
where, IPHOTO is the photocurrent, IDARK is the dark current, P is the optical power 
density, and A is the active area (A = 300 x 260 µm
2
). For A-MSM, the measurements in 
forward bias were carried out with positive potential on Ni/Au contact. The detectors 
exhibited a cutoff in responsivity at 253-255 nm. The peak SR values for A-MSM detector 
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were measured to be 9.4 A/W and 1.1 A/W at 5 V in the forward (FB) and the reverse bias 
(RB) regimes, respectively. High internal gain in A-MSM detector was observed in the 
forward bias region as evident from Fig. 1(c).The zero-bias spectral responsivity is shown in 
the inset to figure 1(c) and a peak responsivity value of 1.4 mA/W was obtained 
corresponding to an EQE ~ 0.5 %, indicating its self-powered nature. It is more than an order 
of magnitude higher than the zero-bias responsivity of 0.01 mA/W
33
 reported for β-Ga2O3-
nanowire Schottky detectors, which is the only report till date on zero-bias SR for any kind of 
Ga2O3 UV detector. The UV to visible rejection ratio of the devices in this study was 
estimated by dividing the responsivity at 255 nm by that at 450 nm and was found to be ~10
5 
at 5 V and ~10
2 
at zero bias respectively, testifying the solar-blind nature of the 
photodetectors. 
Further, voltage-dependent spectral response for both A-MSM and S-MSM was 
measured. Figure 2(a) shows SR versus wavelength at different applied biases in forward and 
reverse regions for A-MSM photodetectors. Figure 2 (b) shows the variation of peak SR (at 
255 nm) with applied bias for both A-MSM and S-MSM PDs. With increasing applied biases 
in the forward/reverse region, the peak SR values (at 255 nm) were also found to be 
increasing while the overall SR in the forward bias regime was higher indicating a higher 
internal gain. 
Figure 3(a) shows the variation of photo current and dark current with voltage (I-V) 
for the A-MSM detectors. The photo current was measured at an illumination of 255 nm 
while the bias on Ni/Au was swept with the Ti/Au contact grounded. Both the photocurrent 
and the dark I-V exhibited asymmetric natures with more than one order of rectification 
indicating asymmetric Schottky barrier heights for Ni/Au and Ti/Au contacts unlike the photo 
and dark currents of the S-MSM detectors (Fig. 3(b)) which exhibited symmetric behavior 
with applied bias. The asymmetric Schottky barrier heights for A-MSM detectors arise from 
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the difference in the work functions of Ni and Ti metals used to form the interdigitated 
contacts on β-Ga2O3 thin film resulting in an asymmetric I-V. The photo currents at +15 V 
(FB) and -15 V (RB) for A-MSM detectors were thus measured to be 98 µA and 22 µA 
respectively while the corresponding dark currents were 100 nA and 1.7 nA. This can be 
contrasted with the corresponding photo (dark) current values of the S-MSM detectors (Fig. 
3(b)). A-MSM devices were found to exhibit a photo to dark current ratio of ~ 10
3 
at a bias of 
5 V. 
An approximate calculation of the Schottky barrier height (SBH) at the junction was 
done from the dark I-V characteristics, under the assumption that almost all the potential drop 
happens at the reverse-biased junction. SBH in forward and reverse junction was extracted 
using the modified Schottky equation below:
41
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where, I0 is the dark current, n is the ideality factor, e is electronic charge, V is applied bias, k 
is Boltzmann constant, T is temperature in Kelvin, I is the measured current, φB is the barrier 
height, A is the area of the detector metal contact and  A* is the Richardson constant. Based 
on a further simplification of the expression for MSM devices, the equation (2(a)) can be 
modified as below:
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Using the above equations 2(a), (b) and (c) and taking Richardson constant value ~ 41 
A/cm
2
K
2 
for β-Ga2O3, SBHs for the A-MSM and S-MSM samples were extracted. The SBHs 
for A-MSM detector for Ti/Ga2O3 and Ni/Ga2O3 contacts were found to be 0.71 eV and 0.82 
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eV respectively whereas, the SBH for Ni/Ga2O3 contacts in S-MSM detector was found to be 
0.82 eV. Thus, the lower Schottky barrier height at the Ti/β-Ga2O3 junction compared to the 
Ni/ β-Ga2O3 junction leads to a higher measured dark current in the forward bias region for 
A-MSM PD. Similar observations are reported in literature for GaN and AlGaN systems.
43–47
  
Figure 4 (a) and (b) show the band diagram for A-MSM photodetectors in forward 
and reverse bias conditions (under illumination) respectively. When a negative bias is applied 
to the Ti/β-Ga2O3 junction, the photogenerated electrons drift towards the Ni contact and 
holes gets accumulated at the Ni/β-Ga2O3 junction. The junction thus gets positively charged. 
To maintain charge neutrality, more electrons from the Ti metal will flow towards the β-
Ga2O3 leading to photo-induced lowering of the Schottky barrier height 
9,48,49
.  This results in 
a higher gain in the forward bias condition compared to reverse bias condition.  
Figure 5 (a), (b) and (c) shows the transient current characteristics for reverse biased 
S-MSM (at -15 V), S-MSM (at -15 V) and A-MSM (0 V) detectors respectively. Rise times 
(10% - 90% of value) were estimated to be 2.5 s, 2.3 and 1.9 s while the fall times were found 
to be 0.4 s, 0.9 and 0.5 s for S-MSM (at -15 V), S-MSM (at -15 V) and A-MSM (0 V) 
detectors respectively. The on/off ratio for all samples was ~ 10
3
. The slow response time can 
be attributed to hole trapping at the junction and in the bulk as reported in literature 
earlier.
9,48,49
  
Table I shows a comparison of β-Ga2O3-based deep UV photodetectors in terms of 
spectral response, dark current and self-powered ability for various device architectures as 
reported in the literature. Although a zero-bias responsivity value of 0.01 mA/W
33
 has been 
reported for Ga2O3-nanowire Schottky detectors, yet there has been no report on zero-bias 
responsivity for planar and epitaxial β-Ga2O3 UV photodetectors in either MSM or Schottky 
geometry other than this work.  
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In conclusion, we have demonstrated self-powered lateral MSM deep UV 
photodetectors based on β-Ga2O3. We have also carried out a comparative study of symmetric 
conventional MSM and asymmetric MSM in terms of dark current characteristics, voltage-
dependent photoresponse, and time-dependent photoresponse.  A spectral response of 1.4 
mA/W at zero bias was demonstrated for asymmetric MSM photodetectors. Further, the 
spectral response analysis showed true solar-blind nature in conjunction with high photo-to-
dark current ratio of ~ 10
3
. This work reports zero-bias spectral responsivity for any type of 
epitaxial β-Ga2O3-based UV detector, and is expected to aid in the development of self-
powered solar blind devices.  
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Figure and Tables:  
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic of (a) asymmetric-MSM (A-MSM) and (b) symmetric-MSM (S-MSM) 
device architecture respectively. (c) Spectral responsivity versus wavelength at an applied 
bias of 5 V for A-MSM detectors in forward and reverse bias condition. Inset of the figure 
1(c) shows spectral response at zero bias for A-MSM photodetectors (EQE= 0.5%).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 (a) Variation of spectral responsivity with the wavelength as a function of applied bias 
for A-MSM photodetector (Forward bias and Reverse bias) in log scale. (b) Peak response 
values (at 255 nm) versus bias voltages for A-MSM and S-MSM detectors.   
(a) 
(b) 
Sapphire Substrate
150 nm β-Ga2O3
Ni/Au Ti/Au
Sapphire Substrate
150 nm β-Ga2O3
Ni/Au Ni/Au
240 280 320 360 400 440
10-4
10-3
10-2
10-1
100
101
(c)
Sp
ec
tr
al
 R
es
p
o
n
si
vi
ty
 (
A
/W
)
Wavelength (nm)
 A-MSM (FB)
 A-MSM (RB)
Log Scale (5 V)
240 300 360 420
0.0
0.4
0.8
1.2
1.6
Linear Scale
A-MSM 
SR
 (
m
A
/W
)
Wavelength (nm)
 0 V
240 280 320 360 400 440
10-4
10-3
10-2
10-1
100
101
102
 15 V FB
 10 V FB
 15 V RB
 10 V RB
 5 V RB
SR
 (
A
/W
)
Wavelength (nm)
(a) Forward Bias (FB)
Log Scale
A-MSM
Reverse Bias (RB)
-15 -10 -5 0 5 10 15
1x10-5
1x10-4
1x10-3
1x10-2
1x10-1
1x100
1x101
1x102
P
ea
k 
SR
 (
A
/W
)
Voltage (V)
(b)
 A-MSM
 S-MSM
11 
 
 
 
 
 
 
 
 
 
Fig.3 (a) Photo and dark I-V characteristics at room temperature for A-MSM detector (log 
scale). (b) Photo and dark I-V characteristics at room temperature for S-MSM detector (log 
scale). Illumination was done at 255 nm.  
 
 
 
 
 
 
 
 
Fig.4 (a) Schematic of band diagram under UV illumination (255 nm) under (a) forward bias 
and (b) reverse bias condition for A-MSM photodetectors. (EFNi and EFTi denotes fermi level 
at different junction). Fig. (a) Photo induced lowering of barrier at metal-semiconductor 
interface by ΔφB. (Dotted line represents new lowered barrier height after UV illumination in 
forward bias).  
 
 
 
 
 
 
 
Ni/Au
Illumination
- Electron
+
+
E FNi
Ti/Au
E FTi
Hole
+
+ +
- -
- -
+
+
(a)
ΔφB
+
_
Ni/Au
Illumination
-
- Electron
+
+
E FNi
Ti/Au
E FTi
Hole
--
+
+
(b)
+
_
-
-15 -10 -5 0 5 10 15
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
(b) S-MSM 
C
u
rr
en
t 
(A
)
Voltage (V)
 Photocurrent (255 nm)
 Dark Current
-15 -10 -5 0 5 10 15
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4 A-MSM 
C
u
rr
en
t 
(A
)
Voltage (V)
 Photocurrent (255 nm)
 Dark current
12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Time-dependent photo-response (transient) under the illumination of 255 nm (a) 
reverse biased S-MSM at 15 V, (b) reverse biased A-MSM at 15 V and (c) A-MSM at zero 
bias respectively in linear scale. 
 
Tables: (Double column) 
TABLE I. List of β-Ga2O3-based deep UV detectors reported earlier for different architecture devices. 
Device Structure Self-Powered 
SR 
(Bias Voltage) 
Dark current 
(Bias Voltage) 
 
Reference 
MSM  No 37 mA/W (10 V) 1200 pA (10 V) 
39
 
MSM No 1.7 A/W (20 V) 620 pA (20 V) 
38
 
Schottky Yes 8.7 A/W (-10 V) 10 nA (-10 V) 
34
 
MSM No - 128 nA (10 V) 
36
 
Schottky Yes 1000 A/W (-3 V) 0.1 nA (-3 V) 
35
 
MSM  No  0.37 mA/W (5 V) 133 pA (5 V) 
40
 
MSM No - 5 nA (20 V) 37 
MSM No 1.5 A/W (4 V) 7 nA (20 V) 
9
 
Schottky Yes 2.9 mA /W (-50 V) 10 pA (-30 V) 
33
 
A-MSM Yes 
 
1 mA/W (0 V) 
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